Although epidemiological studies suggest that offspring of women with preeclampsia are at increased risk to higher blood pressures and cardiovascular disease, little is known about the nature of blood pressures between the mother and her offspring. As blood pressures comprise of both pulsatile (systolic blood pressure [SBP] and pulse pressure [PP]) and stable (diastolic blood pressure [DBP]) components, and they differ between central and peripheral sites, we sought to examine maternal peripheral and central blood pressure components in relation to offspring early childhood blood pressures.
INTRODUCTION
F indings from epidemiological studies suggest that in-utero exposure to preeclampsia is associated with higher blood pressures and an increased risk of hypertension and cardiovascular complications later in life. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] For example, metaanalyses of observational studies reported about 2.28 to 2.35 and 1.35 to 1.68 mmHg higher systolic (SBP) and diastolic (DBP) blood pressures, respectively, in offspring whose mothers had preeclampsia. 12, 13 Although there is evidence to suggest that maternal hypertension is associated with higher offspring blood pressures, little is known on how the pulsatile (SBP and pulse pressure [PP] ) and stable [DBP] components of maternal blood pressures from peripheral or central sites may affect offspring blood pressures. Assessing the various components of maternal blood pressures are important as they reflect different cardiovascular adaptation 14, 15 and there is evidence to suggest that central SBP or PP is more strongly associated with cardiovascular outcomes compared to its peripheral measures. 16, 17 Moreover, as blood pressure has a unimodal distribution in the population and has been shown to have a graded relationship with cardiovascular disease, 18, 19 assessment of maternal blood pressures using predetermined blood pressure cut-offs may be suboptimal in elucidating its influence on offspring blood pressure.
Therefore in the present study, we examined the relation between the maternal blood pressure components during pregnancy and offspring blood pressures during early childhood in a prospective mother-offspring cohort of Southeast Asian Chinese, Malay and Indian participants.
METHODS

Study Population
The Growing Up in Singapore Towards Healthy Outcomes (GUSTO) study is a prospective mother-offspring cohort study where 1162 pregnant women less than 14 weeks gestation were recruited at 2 public tertiary hospitals with maternity care in Singapore from 2009 to 2010. 20 Women who were enrolled into the GUSTO study were free of type 1 diabetes and were not on chemotherapy treatment or on psychotropic drugs. From the GUSTO study cohort, there were 1152 women with singleton pregnancies and 10 with twin pregnancies. Of the 1152 women with singleton pregnancies, 829 women had mid-pregnancy blood pressure measurements and were eligible for the present study. Among the offspring of women with mid-pregnancy blood pressure measurements, 567 had blood pressure measurements at age 3 years and these 567 maternal-offspring pairs with complete blood pressure information were included in the present study (Fig. 1 ). The women included in the analysis tended to be older, had higher education, and were less likely to smoke and consume alcohol compared to the 262 women excluded. Maternal blood pressures during pregnancy and offspring blood pressures at 3-years old were similar between women who were included and excluded in the analysis (Supplemental Table 1 , http://links.lww.com/MD/A505). The study was approved by the SingHealth Centralised Institutional Review Board and National Healthcare Group Domain Specific Review Board. Written informed consent was obtained from the study participants.
Maternal Blood Pressure Measurements
Based on a standardized protocol, maternal blood pressures were taken by trained research coordinators who were blinded to the maternal status of preeclampsia or gestational hypertension during the GUSTO mid-pregnancy follow-up visits at a median gestation of 27 weeks (interquartile range 26-29 weeks). Mothers were rested for at least 10 minutes prior to blood pressure measurement, and the peripheral SBP and DBP were measured thrice from the brachial artery at 30 to 60 second intervals with an oscillometric device (MC3100, HealthSTATS International Pte Ltd, Singapore). An average of these 3 readings was calculated if the difference between readings was less than 10 mmHg; otherwise, measurements were repeated. Central blood pressures were determined by the radial artery pressure waveforms measured from the A-pulse tonometer (BPro, HealthSTATS International Pte Ltd, Singapore), having calibrated with the average of peripheral SBP and DBP, respectively. From the calibrated radial artery pressure waveforms, central SBP would be estimated as the maximum value of the average data points generated incrementally over a sampling fraction of n/4. 21 Peripheral and central PP were calculated as the difference between peripheral or central SBP and peripheral DBP.
Offspring Blood Pressure Outcomes
At the age of 3 years, offspring blood pressure outcomes were measured by trained research personnel at outpatient clinics. Prior to blood pressure taking, the child was required to seat with the mother for at least 5 minutes in a quiet room. Peripheral SBPs and DBPs were taken twice from the right brachial artery using a Dynamap CARESCAPE V100 (GE Healthcare, Milwaukee, WI) with the arm resting at the chest level. An average of the 2 blood pressure readings was calculated if the difference between readings were less than 10 mmHg; otherwise, a 3rd reading was taken and an average of the 3 readings was taken instead. The coefficients of variation GUSTO participants (N=1162) Eligible women with blood pressure measurements and evaluable radial pulse wave forms at 27 weeks gestation (n=829)
Women-offspring pars with complete blood pressure information (n=567)
Excluded women whose offspring blood pressure information were missing at 3 years old (n=262)
Ineligible women without blood pressure or radial pulse wave measurement at 27 weeks gestation (n=269) and poor wave forms (n=64) (total n=333) of SBP and DBP were less than 12%. Offspring peripheral PP was calculated as the difference between peripheral SBP and DBP.
Covariates
Information on maternal age, ethnicity and education level, smoking status, alcohol and coffee consumption and physical activity during pregnancy, family history of hypertension, number of living children, and pre-pregnancy weight was obtained via questionnaires, and maternal height was measured by trained research coordinators at GUSTO mid-pregnancy follow-up. Maternal pre-pregnancy body mass index (BMI) was calculated as weight (kg) divided by the square of height (m 2 ). Women who had chronic hypertension or were diagnosed as gestational hypertension or preeclampsia (de novo hypertension with or without proteinuria after 20 weeks gestation) were classified as maternal hypertension during pregnancy. 22 Information on the offspring's sex, weight, and gestation at birth were retrieved from medical records. Offspring who were born before 37 weeks gestation would be considered premature and those who were below the 10th percentile for gestational age adjusted birth weight (based on the GUSTO cohort) would be considered as small for gestational age (SGA). At 3 years of age, offspring weight and height were measured at the same time of their blood pressure measurements.
Statistical Analysis
Maternal blood pressures differences between characteristics of eligible mother-offspring pairs were examined using one way analysis of variance test. Partial correlations between maternal and offspring blood pressures were performed using Pearson correlations, adjusted for offspring sex and ethnicity.
Selection of confounders (maternal or offspring) were based on their biological importance or known confounding from the literature. For example, maternal age, race, BMI, parity and offspring BMI, and height were considered as biologically important covariates; 8 whereas maternal education, smoking status, alcohol consumption, and physical activity were considered as known confounders. 23 As these covariates may be intercorrelated, a conceptual framework 24 was developed to examine their pathways in the maternal-offspring blood pressure relations (Supplemental Figure 1 , http://links.lww.com/ MD/A505). Maternal socio-economic factors (age, race, and education) may affect parity, BMI, lifestyle (smoking status, alcohol consumption, and physical activity), and blood pressures during pregnancy. These maternal factors may in turn affect offspring BMI and height at 3-years old and therein offspring blood pressures. Maternal blood pressure and other maternal factors may also affect offspring weight and gestation at birth, which in turn affects offspring BMI and blood pressures at 3years old.
Therefore, the regression of offspring blood pressures (peripheral SBP, DBP, and PP) on maternal blood pressures (peripheral SBP, DBP, PP, central SBP, and PP) were adjusted for maternal age, education level, parity, smoking status, alcohol consumption and physical activity during pregnancy, and pre-pregnancy BMI; and offspring characteristics (including sex, ethnicity, BMI, and height at 3 years of age). Offspring weight and gestation at delivery were not adjusted as they were considered mediators of the maternal-offspring blood pressure relations. From literature, we also considered maternal hypertension, offspring prematurity, and SGA as potential mediating factors as they may lie in the pathway between maternal and offspring blood pressures. 23, 25, 26 This is because higher maternal blood pressures during pregnancy are strongly associated with hypertension during pregnancy and can lead to preterm birth and smaller offspring due to shared placental pathophysiology and/or medically indicated birth induction. 27 In turn, prematurity and/or SGA in the offspring are associated with higher blood pressures in later life. 23, 25, 26 Therefore, we repeated our main analysis in subgroups of women, stratified by maternal hypertension, offspring prematurity, and SGA to test the robustness of our results. For the assessment of offspring's SGA status at birth, we have used the 10th percentile cut-offs weight for gestation at delivery based on the GUSTO and INTERGROWTH -21st Project 28 for local and international comparisons, respectively. As there were few women with pregnancy hypertension (n ¼ 30), offspring prematurity (n ¼ 47), and SGA (n ¼ 45, GUSTO; n ¼ 34, INTERGROWTH -21st), analysis were repeated only in women and offspring without these conditions. We explored effect modifications by offspring sex (male, female) and ethnicity (Chinese, Malay, or Indian) were evaluated from the multiplicative interaction terms between continuous blood pressure variables and the effect modifier added to the main effect model. Ethnicity and sex stratified analyses were performed, respectively, and likelihood ratio testing used to test for interaction effects. Lastly, we examined the differences in characteristics in mother-offspring pairs that were included and excluded from the present study. Analyses were performed using Student's t-test and Chi-square test for continuous and categorical variables, respectively. All analyses were performed using Stata version 11.2 (Statacorp, College Station, TX); two-tailed P values less than 0.05 were considered statistically significant.
RESULTS
Of the 567 mother-offspring pairs followed up in the present study, 310 (54.7%) were of ethnic Chinese, 157 (27.7%) Malay, and 100 (17.6%) Indian. The mean age of women enrolled was 31.0 (standard deviation 5.1) years. Overall, higher maternal blood pressures were observed in women of Malay ethnicity, lower education, who smoked before, had no or light physical activity during pregnancy, or higher pre-pregnancy BMI. Higher maternal blood pressures also observed in women who developed hypertension in pregnancy and those who had premature deliveries ( Table 1) .
The mean BMI and height of offspring followed up at the age of 3-years old were 15 Table 1 , http://links.lww.com/MD/ A505). After accounting for offspring sex and ethnicity, maternal blood pressures were weakly correlated with offspring peripheral SBP and PP (adjusted r ranged from 0.05 to 0.11), but not with offspring peripheral DBP. Weak correlations were also observed between offspring blood pressures, BMI, and height (r ranged from 0.11 to 0.25; Supplemental Figure 2 , http:// links.lww.com/MD/A505).
In multiple linear regression models, positive maternaloffspring blood pressure relations were observed for the blood pressure measures of SBP and PP (Fig. 2 ), but not for DBP. Other maternal-offspring blood pressure relations were not statistically significant, except for the relations between maternal SBP and offspring PP ( Table 2 ). Estimated increases in offspring peripheral SBP and PP were consistently greater for maternal central blood pressures than for the relations with maternal peripheral blood pressures. Findings were not significantly modified by offspring ethnicity and sex (Supplemental  Tables 2-3 , http://links.lww.com/MD/A505). Having excluded women who had hypertension during pregnancy, premature, and SGA offspring, women who had normotensive pregnancies (n ¼ 537), term (n ¼ 507), and appropriate for gestational age (AGA; n ¼ 509) offspring were included in the sensitivity analysis ( Table 2 ). The maternaloffspring relations of central SBP persisted in normotensive pregnancies but were slightly attenuated in term and AGA offspring. But for central PP, the maternal-offspring relations persisted in all subgroups of analysis in women with normotensive pregnancies and those with term or AGA offspring. Other maternal-offspring blood pressure relations were qualitatively the same between the main cohort and subgroup analysis.
DISCUSSION
Previous studies have shown higher blood pressures in young children and adults whose mothers had pregnancyrelated hypertension compared with offspring of mothers with normal pregnancies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The present study builds on that knowledge by demonstrating that higher maternal central pulsatile (SBP and PP) blood pressure components in pregnancy were associated with higher blood pressures in the offspring. Importantly, the positive associations of mother-offspring blood pressures persisted in normotensive women who were free of hypertension during pregnancy and in offspring who were born term and AGA.
Positive maternal-offspring blood pressure relations have been reported previously in several studies that measured peripheral blood pressures 29, 30 and maternal hypertension in nonpregnant 31, 32 and pregnant women. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In the HUNT Study of Norwegians, positive correlations were reported between mother-offspring SBP (r ¼ 0.15) and DBP (r ¼ 0.14). 29 In a study of Dutch families with children aged 5 to 19 years, each mmHg increase in maternal peripheral SBP was associated with a 0.09 mmHg increase in offspring SBP; for DBP relation the corresponding mother-offspring increase was 0.04 mmHg. 30 Compared to these findings, we found qualitatively similar maternal-offspring blood pressure correlations in our cohort of Southeast Asian Chinese, Malay, and Indian women. In our study, each 1 mmHg increase in maternal peripheral and central SBP was associated with 0.05 and 0.08 mmHg increases in offspring SBP, although the former was not statistically significant.
In the assessment of maternal central and peripheral blood pressures relations with offspring blood pressures, we observed stronger associations in the central than peripheral blood pressures. This observation similarly has been observed in 2 separate studies in normotensive pregnant Japanese women. In these normotensive women who were free of pregnancy hypertension, central blood pressures were associated pregnancy gestation changes 33 and small for gestational age, 34 but not for peripheral blood pressures. Taken together, these findings suggest that central blood pressures may be better arterial markers than peripheral blood pressures in relation to pregnancy outcomes. However, evidence for the stronger role of central blood pressures compared with peripheral blood pressures was demonstrated only in nonpregnant populations 17 as the literature in pregnant women is scarce. Therefore, further studies examining maternal blood pressures during pregnancy incorporating both central and peripheral measures are needed. The positive association of mother and offspring blood pressures, as early as 3-years old in the present cohort, suggests that the higher blood pressures in offspring of women with higher pregnancy blood pressures occur early in life. And, as blood pressure tracks in life, 35 the higher blood pressure in the offspring of women with higher pregnancy blood pressure is also likely to persist in life. This has been demonstrated in studies that examined maternal hypertension in pregnant [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and nonpregnant women 31, 32 in relation to blood pressures in offspring aged between 5 and 30 years of age.
The higher early childhood SBP and PP may impact on cardiovascular health in later life. Evidence from long-term follow-up studies of children and young adults indicates that childhood SBP is a predictor of arterial stiffness in adulthood 36 and higher incidence of hypertension in young adults with higher blood pressure and parental hypertension. 32 Although this raises the possibility that optimal blood pressure compliance through antenatal monitoring and primary health prevention strategies could have long-term benefits for offspring health, this hypothesis needs to be further addressed in longterm cohort studies and randomized trials.
Overall, the positive maternal-offspring blood pressures relations in the present study are consistent with earlier studies that the blood pressure phenotype clusters in family. 12,13,30 -32 The independent associations between maternal-offspring blood pressures may be explained by several mechanisms. First, in-utero exposure to higher maternal blood pressures may lead Ã Normotensive women referred to women without chronic or gestational hypertension or preeclampsia. Term offspring referred to offspring being born at 37 weeks gestation or later and AGA referred to offspring who were at the 10th percentile or greater for gestational age adjusted birth weight by GUSTO cohort and the Intergrowth study cut-offs. All analysis were performed using multiple linear regressions with adjustments for maternal age, education level, parity, smoking status, alcohol consumption and physical activity during pregnancy, pre-pregnancy BMI; and offspring sex, ethnicity, BMI, and height at 3 years of age.
to higher blood pressures and vascular dysfunction in the offspring. In a sibling study by Jayet et al, 37 higher pulmonary artery pressure and smaller flow-mediated dilations in sibling exposed to preeclampsia compared with the sibling unexposed to preeclampsia. And in other studies of offspring of maternal preeclampsia, 26, 37, 38 In-utero exposure to preeclampsia or maternal hypertension has been associated with altered renin angiotensin and sympathetic nervous systems, oxidative stress and impaired cardio-vascular structure, and function in the offspring. These observations, collectively, support the intrauterine effect of maternal hypertension during pregnancy on offspring' vascular function in later life and is in line with fetal programming hypothesis. 26, 38 Second, the positive maternal-offspring SBP and PP relations may also be contributed by genetic factors 15 as SBP and PP, being markers for arterial stiffness, are heritable conditions. [39] [40] [41] Findings from the Framingham Study offspring cohort of 817 pedigrees suggest that measures of central arterial stiffness located at distinct locations within the genome were heritable and may modulate different hemodynamic components. 41 Other evidence from familial studies have also supported a genetic explanation, 29, 31, 32 based on the independent and addictive effects of maternal and paternal hypertension observed on blood pressures in the offspring.
Third, a mechanism involving nongenetic factors, such as salt intake, 23, 42 may be shared across the maternal-offspring pairs. Findings from animal studies suggest that maternal salt intake has been found to be associated with altered fetal kidney development and function; and these could have set the offspring to higher blood pressures early in life. 43 However, based on 2 recent reports from the Avon Longitudinal Study of Parents and Children, the observation that higher blood pressures in the offspring of women with preeclampsia persisted even after accounting for salt intake, 4, 5 suggesting that salt intake may only partially mediate the relations between maternal hypertension and blood pressures in the offspring.
The findings of this study should be interpreted in consideration of its strengths and limitations. Strengths of this study include the prospectively measured maternal and offspring blood pressures, performed according to a standard protocol by trained research personnel and the ability to measure and account for various maternal and offspring factors in our analysis. However, there are several limitations to our study. First, 333 (28.7%) women from the original 1162 women in the GUSTO base cohort were excluded from the present study follow-up due to incomplete or poor maternal recording of radial pulse wave form. Of the remaining 829 (71.3%) women that were followed up, 262 were also excluded due to missing offspring blood pressure information at the GUSTO 3rd year study visit. However, our findings are unlikely to be affected by selection bias as maternal blood pressures were similar in those who were included and excluded from analysis. Second, as maternal blood pressures were measured only once during pregnancy, we were unable to examine the blood pressure changes during pregnancy in relation to blood pressures in the offspring. The equipment used in the present study for the measurement of maternal and offspring blood pressures has yet to be validated in pregnant women and young children. However, the estimation of maternal central blood pressures using n-point moving average has been validated in 2 adult studies with excellent correlation with invasively measured central blood pressures (r ranging from 0.89 to 0.99). 21, 44 Our effect estimates may be affected by residual confounding, for example, from self-reported measures of maternal pre-pregnancy BMI and from lack of adjustment for maternal dietary intake (like salt). 45, 46 Lastly, the nonsignificant findings from our main analysis and tests for effect modifications may be constrained by the lack of power. Further studies, with adequate sampling of ethnic specific groups, are needed to explore the overall and potential ethnic differences in the maternaloffspring blood pressure relations in Asian women.
In conclusion, the pulsatile central maternal blood pressures during pregnancy may be important determinants of offspring blood pressures. As the maternal-offspring blood pressure persists even in in normotensive pregnancies and in term and AGA offspring, ensuring optimal blood pressure compliance during pregnancy could have long-term implications for cardiovascular health in the offspring.
